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Introduction
Surveillance for the presence of pathogenic viruses is important for development of rational disease control strategies. It is an integral part of the worldwide campaign to stop the transmission of wild and vaccinederived polioviruses (VDPV). The campaign uses oral polio vaccine (OPV) made from attenuated strains of three serotypes of poliovirus that can mutate and become virulent VDPVs. The progress of the campaign is monitored by detecting cases of acute flaccid paralysis (AFP) followed by virological confirmation by serological methods, polymerase chain reaction (PCR) tests, and partial nucleotide (nt) sequencing [1] [2] [3] . AFP has infectious and non-infectious causes and therefore polio surveillance involves processing of a large number of samples, most of which do not contain poliovirus. An extensive laboratory network is involved in this activity, making it labour-intensive, time-consuming, and expensive.
The sensitivity of AFP surveillance is inherently limited because in a fully susceptible population only a small fraction of infections leads to AFP. In immunised communities, infection to paralysis ratio is even higher, allowing polioviruses causing AFP to transmit silently [4, 5] . Confirmation that poliovirus circulation has stopped must be based on detection of poliovirus itself rather than its clinical manifestations. Poliovirus could be consistently isolated from the environment in regions with no recorded cases of paralytic polio [2, 4, 6] . Highly evolved VDPVs that may have been excreted by unidentified chronically infected individuals have also been found [7] [8] [9] .
Current sewage concentration methods are based on two-phase separation [10] [11] [12] , absorption onto membrane filters [13] , and other protocols [14] . While some of these allow only a qualitative characterisation of viruses present in a sample, others, such as two-phase separation can also provide quantitative data. The performance of these methods is however affected by sample pH and the presence of different impurities [15, 16] . Traditional size-selective ultrafiltration is impractical because filters are rapidly blocked by impurities. In contrast, devices in which liquid moves tangentially to the filter surface (tangential flow filtration, TFF) prevent the significant reduction of flow rates. TFF was successfully used for concentration of viruses, bacteria, and parasites from environmental samples [17] [18] [19] .
Conventional protocols for the identification of polioviruses in sewage concentrates include cultivation in cell cultures susceptible to poliovirus [12, 20] , followed by identification using strain-specific PCR and partial sequencing of their genomes [21] . The process is quite laborious and is often complicated by the presence of a mixture of viruses. Massively parallel or deep sequencing generates vast amounts of sequence information and is often used for the analysis of heterogeneous viral populations and metagenomic studies. Metagenomics have many applications in the environmental sciences [22] [23] [24] and were also successfully used for the identification of respiratory viruses in clinical samples [25] . Here we explore the utility deep sequencing for the analysis of TFF-concentrated environmental samples.
Methods
Tangential flow ultrafiltration of sewage samples 0.5 L sewage samples were collected in 2013 in the Helsinki region of Finland (two samples) and Islamabad, Pakistan (eight samples). They were centrifuged for 10 min at 3,000 g resulting in a solid and liquid fraction. The solid (sludge) fraction was
Figure 1
Depth of sequencing coverage and SimPlot analysis of recovered sequences generated by analysis of whole A. Depth of sequencing coverage generated by analysis of whole RNA library derived from a RD cell culture infected with sewage sample F1. This sewage sample was a priori shown not to contain poliovirus by a standard World Health Organization procedure using strain-specific polymerase chain reaction [21] . Red and blue indicate forward and reverse sequencing reads, respectively.
B. Depth of sequencing coverage generated by analysis of whole RNA library derived from a L20B cell culture infected with sewage sample F2. This sewage sample was a priori shown to contain poliovirus. Red and blue indicate forward and reverse sequencing reads, respectively.
C. SimPlot diagram generated using consensus sequences of the virus present in F1 sewage sample compared with coxsackievirus B3 and echovirus 11, accession numbers AY752944 and AJ276224.
D. SimPlot diagram generated using consensus sequences of the virus present in F2 sewage sample compared with Sabin 2 and Sabin 3, accession numbers AY184220 and AY184221.
re-suspended and homogenised by Omni homogenizer in 25 mL of 25% beef extract, and the resulting particulate fraction removed by centrifugation at 3,000 g for 10 min. The supernatant was combined with the previously obtained liquid fraction and filtered through a 0.2 µm MidiKros TFF filter (Spectrum Laboratories Inc., Rancho Dominguez, CA) followed by rinsing the filter with 10 mL of 25% beef extract. In some cases liquid and solid (i.e. supernatant obtained from elution with beef extract) fractions were processed separately. Next, virus concentration was performed using an automated Spectrum Laboratories KrosFlo Research IIi TFF system and 100 kDa molecular weight cut-off MidiKros filters at 9 psi trans-membrane pressure and 60 mL/min flow rate to the final volume of ca 5 mL (the void volume of the TFF system). The volume was further reduced to 0.5-0.8 mL by manually operating two 5-mL syringes attached to TFF cartridge disconnected from the TFF system.
Isolation of viruses in cell cultures
Sewage concentrates were diluted in Dulbecco minimal essential medium (DMEM) to a final volume of 3 mL and inoculated into cultures of rhabdomyosarcoma (RD) cells and incubated in a 5% CO 2 atmosphere at 37 °C for 1-7 days until cytopathic effect (CPE) developed. The harvest from RD cultures was inoculated into L20B cell cultures (mouse L cells expressing human poliovirus receptor CD155) to selectively amplify polioviruses according to the World Health Organization (WHO) protocol [13] . Culture media from CPE-positive L20B cells and CPE-positive RD cells were used for subsequent real-time PCR analysis and/or deep sequencing.
Detection of polio and enteroviruses in sewage concentrates by real-time PCR
RNA was isolated from samples prepared by different procedures described above using NucleoSpin RNA Virus F kit (Clontech Inc., Mountain View, CA) and used for real-time PCR with strain-specific primers [25] . All PCR reactions were performed in duplicate on a CFX96 Real-Time PCR system (Bio-Rad). The same RNA samples were also used for deep sequencing.
Titration of Sabin 1 poliovirus in spiked sewage samples
0.5 mL of 2x10 5 cell culture infectious doses (CCID 50 ) of Sabin 1 poliovirus diluted in phosphate buffered saline (PBS) was added to 0.5 L of poliovirus-free sewage sample and incubated for 1 hour. Identical 0.5 mL virus sample served as a control. Virus titres were determined in Hep2C cells by terminal dilutions method according to WHO recommendations [13] . Virus recovery was evaluated as a percentage of infectious virus relative to the control unspiked sample.
Poliovirus enrichment by immunoprecipitation and sequence-independent isothermal amplification
Biotinylated rabbit polyclonal IgG against wild polioviruses of serotypes 1, 2, and 3 were used for immunoprecipitation. Five μL of stock solution containing 0.5 μg rabbit IgG was added to 0.5 mL of TFF-concentrated sewage and incubated for 3 hours on a rocker. Ten μL of streptavidin-coated magnetic beads (Thermo Fisher Scientific Inc., Rockford, IL) washed with PBS were added to the TFF concentrate and incubated at room temperature for 2 hours on a rocker. Magnetic beads were then washed with DMEM and PBS and Simian_enterovirus_46_OM22
Sequences marked sp1 and sp2 were bioinformatically separated from sewage sample F2, and represent the majority and minority component, respectively.
stored frozen at -20 °C. The procedure was performed separately for each serotype of poliovirus. Isothermal amplification using REPLI-g WTA single cell kit (Qiagen, Valencia, CA) was performed according to the manufacturer's protocol.
Deep sequencing
RNA isolated from samples prepared by different procedures described above was used for total RNA Illumina library preparation using NEB NEXT Ultra RNA library kit (NEB, Ipswich, MA 
Bioinformatic analysis
Bioinformatic analysis was performed using a custom 'swarm' software package developed for UNIX (Darwin) environment on MacPro (Apple Inc., Cupertino, CA) and running in parallel mode using up to 22 computation threads. Low quality sequences, adapters and index Wt: wild type. a The minority virus is inferred from the finding, next to the majority consensus sequence (of the 'majority' virus), of another consensus sequence which is reconstructed after separation of deep sequence reads using the algorithm described in the text. b Percentage indicates the proportion of deep sequence reads that match to the alternative consensus(es). c Only one virus (i.e. the 'majority' virus) was found in the sewage fraction considered, so there is no 'minority' virus for this fraction.
sequences were removed, and the remaining reads were aligned (mapped) on curated databases of fulllength sequences of different virus groups (GenBank). The mapping procedure involved k-mer guided Smith-Waterman alignment that will be described elsewhere. Profiles of sequence heterogeneity were computed, and consensus sequences were built by identifying the most frequent nts at each genomic position. In cases where significant sequence heterogeneity was detected, sequence reads were separated into discrete subpopulations using the following algorithm. Sequence reads mapped against aligned reference genomes were segregated into discrete subsets by cluster analysis performed in overlapping 'windows' of 50-100 nt covering the entire genome ('sliding window' method). The identity of each species defined in a particular window was matched with similar information obtained for the adjacent overlapping window, and propagated along the entire genome. Consensus sequences were computed for each subset of sequence reads as described above. Unique sequences of wild type polioviruses determined in this study were deposited in GenBank (accession numbers: KU161395-KU161399).
Results

Concentration of sewage samples by tangential flow filtration and recovery of viruses
The entire concentration procedure of 0.5 L sewage samples took ca 2 hours. Final sewage concentrates in 0.5-0.8 mL volume were used for RNA isolation (see above) or inoculation into cell cultures.
Analysis by the standard WHO procedure using strainspecific PCR [21] had previously shown that a sewage sample hereby named 'F1' and collected in Finland did not contain poliovirus, while another sample 'F2', from the same country, was positive for Sabin 2 poliovirus.
To determine the efficiency of the TFF protocol, the F1 sample was spiked with 10 5 CCID 50 of Sabin 1 poliovirus. The recovery of spiked poliovirus in the combined sludge/supernatant fraction was 62%, 84%, and 93% in three independent experiments.
Sensitivity determined in spiking experiments may differ from the sensitivity of virus detection in real sewage samples. Therefore to validate the concentration method, another sewage sample F2 from Finland which was demonstrated to contain Sabin 2 poliovirus was processed by the TFF protocol. The concentrates of F1 (poliovirus-free) and F2 were used to infect RD and then L20B cell cultures. RD cultures were virus positive for both samples, while only F2 induced CPE in L20B cells.
Deep sequencing of cell culture-grown viruses
Whole-RNA Illumina libraries prepared from supernatants of RD and L20B cultures infected with F1 and F2 concentrates were deep-sequenced using Illumina Hiseq2000. Individual sequence reads were aligned to genomic sequences of 744 representative enteroviruses. Figures 1A and 1B show the depth of sequencing coverage along the viral genome in forward and reverse orientations. The most prevalent nt at each genomic position was considered to represent the consensus, and all others were assumed to be single nt polymorphisms (SNP). Consensuses contained uninterrupted open reading frames coding for 2,196 and 2,208 amino acids for F1 and F2 samples.
Their comparison with references and SimPlot analysis revealed that the closest relative of the virus present in the F1 sample was echovirus 11 with 82% similarity in the P1 region ( Figure 1C ). This level of homology does not allow us to unambiguously identify the serotype of this virus.
The virus from the F2 sample was a recombinant of Sabin 2 and Sabin 3 viruses with the crossover at the boundary between regions coding for 3C protease and 3D polymerase (nt 5,959-5,981; Figure 1D ). The distal part of the genome was identical to the Sabin 3 virus, while the proximal part differed from the Sabin 2 virus at six nt positions (two in 5'-untranslated region (UTR), two in viral protein VP2, one in VP1, and one in 2A protein). This indicates that this was a minimally evolved vaccine poliovirus, however, it contained mutations at both sites associated with neurovirulence (A 481 →G in 5'-UTR and Thr 143 →His in VP1).
Sequences determined by the above procedure represent consensuses of the majority component. Sequence heterogeneity profiles revealed that sewage sample F2 contained ca 16% of one or more viruses distinct from the predominant Sabin 2/3 recombinant (Figure 2A ). For comparison, Figure 2B shows an example of the 
SNP profile of a relatively homogeneous viral sample.
To separate viruses present in the mixture, individual sequence reads mapped on the aligned reference dataset were subjected to cluster analysis in a 'sliding window' format (in a series of overlapping 50-100 ntlong sections). Sequence reads separated by this procedure were assembled into full-genome consensus sequences. The majority species in F2 samples grown in L20B cells was identical to Sabin 2/3 recombinant determined by building the overall consensus. The minority species in F2 sample was close to echovirus 11 virus with ca 10% differences from the virus identified in F1 sample (Figure 3 ).
Analysis of sewage samples from polio-endemic environment
The above results established the feasibility of using TFF concentration and deep sequencing for characterising multiple viruses present in viral populations. Next, the utility of this approach for surveillance in a country that is still endemic for poliovirus was explored. Eight sewage samples collected in Pakistan were processed as described above, concentrates were inoculated into RD and L20B cultures, and harvested viruses were deep-sequenced. Multiple enteroviruses present in most samples were separated bioinformatically as described above. Table 1 lists discrete viruses found in these samples. We found viruses that were very close to all three Sabin vaccine strains, as well as a number of wild type 1 polioviruses. In some samples, there were also sequences related to non-polio enteroviruses, predominantly of species B (coxsackievirus B1, B3, and B5).
The approach used in this work to reconstruct genomic sequences resulted in complete or near complete genomes (in some cases missing 1-10 nt at the ends, due to low sequencing coverage of the terminal regions). It produced more phylogenetic and molecular-epidemiological information than would be available based on VP1 sequencing alone. For instance, some vaccine derivatives were found to be recombinants of two serotypes of Sabin virus, and the crossover point was easily identified by SimPlot analysis (Figure 4A,4C) . Similarly, wild type 1 of south-Asian (SOAS) lineage currently prevalent in Pakistan and Afghanistan contained two sub-lineages that could be distinguished by a recombination event at the boundary between the P1 and P2 regions ( Figure 4B,4D ).
Metagenomic approach
TFF concentration followed by deep sequencing of viruses isolated in cell culture represents an improvement over the conventional protocol by providing significantly more information in a much shorter time. However, it still depends on the ability of viruses to grow in cell culture, potentially biasing the result. A totally agnostic approach based on the direct sequencing of all RNA present in sewage concentrates could produce a more complete picture. Whole-RNA Illumina libraries were prepared directly from TFF concentrates of sewage collected in Pakistan and deep sequenced. Sequence reads were aligned to reference sequences of 5,301 full length viral genomes belonging to all major groups of viruses (National Center for Biotechnology Information, Bethesda, MD). Approximately 5-8% of all sequence reads could be aligned to sequences in the viral database, and most hits belonged to plant viruses ( Table 2 ). Separation of sequences of plant viruses into discrete subpopulations by the algorithm described above revealed the presence of full length genomes of several different viruses, including tomato mosaic (Table 2) .
Surprisingly, the most represented of all animal viruses was adeno-associated virus (AAV, 0.5% of all reads) followed by poliovirus (0.2%). Mapping of sequence reads by alignment to sequences in reference databases of individual virus families that produced a substantial number of hits during the preliminary screening, allowed the assembly of full-genome sequences of viruses present in the sample. Sequence reads aligned to sequences in the database containing 18 reference AAV sequences assembled into a full-length genome of 4,675 nt containing two open reading frames corresponding to the non-structural and the capsid proteins of the virus. Phylogenetic analysis showed that it was 97.3% similar to AAV-2. A similar analysis performed for astroviruses revealed the presence of human astrovirus 4, Aichi virus 1, human parechovirus 1, as well as several other mammalian RNA and DNA viruses (data not shown).
Enrichment of tangential flow filtrationconcentrated sewage by immunoprecipitation
The number of hits for most other groups of viruses was insufficient to generate good coverage allowing unambiguous assembly of complete viral genomes or reliable heterogeneity analysis. To enable a more sensitive search for specific viruses, polioviruses present in TFF concentrates were enriched by immunoprecipitation. TFF-concentrated sewage samples were incubated with biotinylated rabbit polyclonal anti-polio IgG and the virus was captured using streptavidin-coated microbeads. Complementary DNA (cDNA) from these samples was isothermally amplified using a uniform sequence-independent REPLI-g system. Table 3 shows the specificity of sequence reads from one sewage sample before and after the enrichment that resulted in poliovirus sequences becoming the predominant species. The consensus sequence assembled from these sequence reads was shown by phylogenetic analysis to be of SOAS WPV1 identical to the virus isolated from the same sewage sample in cell culture.
Discussion
This communication demonstrates that TFF can effectively concentrate viruses present in sewage by reducing the volume from ca 500 mL to ca 1 mL in approximately 2 hours. Unlike the conventional protocols [10, 12, 21] it does not require large volumes of toxic and noxious organic solvents, removes most impurities including PCR inhibitors, and is more amenable to highthroughput implementation.
Traditionally, identification of viruses in sewage concentrates is performed by using selective cell cultures such as mouse L20B cells that express human poliovirus receptor [20] , followed by strain-specific PCR and partial nt sequencing [10, 12, 21] . The improvements proposed here include (i) the use of deep sequencing for virus identification, and (ii) direct metagenomic analysis of sewage concentrates allowing viruses to be identified without cell cultures. The main advantage of deep sequencing is that it is a universal procedure that detects multiple viruses present in mixtures, and generates complete or near-complete genome sequences that contain more molecular-epidemiological information than partial sequencing.
Thus several vaccine-related and wild type polioviruses identified in this study were found to be intertypic recombinants. Finding the recombinant Sabin 2/3 poliovirus in sewage from Finland was unexpected because this country does not use oral polio vaccine (OPV). Even though this 'young' vaccine-derivative contained only six mutations compared with Sabin 2, two of them were previously linked to neurovirulent reversion. Whole genome analysis of wild polioviruses revealed that currently circulating strains in Pakistan belong to at least two sub-lineages distinguished by different origins of their P2-P3 region ( Figure 4B,4D ).
Most samples contained more than one virus, including non-polio enteroviruses, predominantly of species B, similar to coxsackievirus B1, B3, B5, and some echoviruses. However, since no sufficiently close match was found in the published database, their serotype identity could not be established unambiguously. Future expansion of the sequence database could enable more accurate identification. Nevertheless, our study demonstrates that this approach could be also used for the surveillance of all non-polio enteroviruses.
Deep-sequencing of the entire RNA content of sewage concentrates also revealed the prevalence of multiple plant viruses, consistent with previous studies of human stool samples [26] . Bioinformatic separation of deep-sequence reads belonging to different viruses allowed their assembly into several full-length genomes that were then identified by phylogenetic analysis. Surprisingly, the most prevalent animal virus in sewage from Pakistan was AAV-2. It has never been associated with any known pathology, and cannot grow in cell cultures without a helper adenovirus [27] . The epidemiology of this virus is unknown, and this observation could help to identify its niche in nature. Additional animal viruses were detected in uncultivated sewage concentrates collected in Pakistan, and their complete genomes sequenced. They included wild and attenuated polioviruses and other enteroviruses described in this paper, as well as cosaviruses, astroviruses, parechoviruses, kobuvirus (Aichi), Saffold virus, bovine viral diarrhoea virus, cricket paralysis virus, and others that were not included in this communication and will be described elsewhere.
The most intriguing aspect of this study is the possibility of a direct metagenomic approach for routine surveillance, bypassing the need for viral cell cultures. The use of this 'agnostic' metagenomic approach additionally raises an interesting possibility of future retrospective search for viruses unknown at the time of sample collection by aligning sequences determined in the past to reference sequences of newly discovered viruses. Therefore, the deep sequence data could serve as a digital repository of the virome present in sewage samples without the need to preserve their viability or biocontainment.
Depending on the sewage sample, a certain number of viruses were represented by a small number of sequence reads. Although these could have potentially resulted from contamination, such as carryover of a small amount of genetic material from previous sequencing runs in the laboratory, we do not believe that findings described in this report resulted from such carryover. Indeed for the viral sequences that could be reconstructed, we do not work with the corresponding viruses in our laboratory. Moreover, bleaching between sequencing runs, which helps to eliminate this problem, was regularly performed.
Low number of reads of certain viruses, however make the depth of the sequencing coverage insufficient for reliable assembly of their complete genomes. Enrichment of polioviruses from sewage concentrates by immunoprecipitation resulted in poliovirus-specific sequence reads becoming predominant in uncultivated sewage concentrates, preserving the remaining material for further screening for other viruses. As a result, the complete genome of wild type 1 poliovirus was assembled and was found to match the sequence of the virus of the SOAS lineage that was identified in this sample by the cell culture method.
In conclusion, the approach described in this paper can provide an effective alternative to current protocols used for environmental surveillance for wild polioviruses and VDPV, other non-polio enteroviruses, as well as viruses of other families. Most countries in Europe have switched to the exclusive use of Inactivated Polio Vaccines (IPV). Good protection from paralysis that it induces combined with inadequate intestinal immunity [28] allows viruses to spread silently, which makes the traditional AFP surveillance less effective. Therefore environmental surveillance using metagenomic approach in combination with TFF or other improved sewage concentration methods could be particularly useful in Europe and other countries that have switched to the use of IPV. Rapidly declining cost of deep sequencing makes this approach cost-effective compared with the conventional sequencing methods. It could significantly shorten the time needed for the identification of pathogenic viruses in the environment, allowing for a much faster deployment of countermeasures.
Erratum
The name of the author Sohail Z. Zaidi had been misspelled. This was corrected on 12 May 2016.
